Equilibrium compositions of solutions of biochemical species can be calculated by use ofgeneral equilibrium computer programs that minimize the Gibbs energy. The standard Gibbs energies of formation and standard enthalpies of formation of the species in a biochemical system can be calculated by Gaussian reduction of the augmented transpose of the stoichiometric number matrix for the system. The conservation matrix, which is also needed for the calculation of the equilibrium composition, can be obtained in two ways. The hydrolysis of adenosine 5'-triphosphate in solutions containing magnesium ions can be treated by considering 17 species. The equilibrium composition and enthalpy are calculated before and after adding ATPase. This makes it possible to calculate ApH, ApMg, and the heat of reaction when ATPase is added.
ously. In practice, the equilibrium compositions of complex systems at constant temperature and pressure are calculated by minimizing the Gibbs energy by use of a computer (8) . Several computer programs are available for doing this. They use an iterative method (Newton-Raphson) to solve the set of simultaneous nonlinear equations.
To make equilibrium calculations on complex systems, such as that represented by the hydrolysis of ATP, which involves 17 species, linear algebra provides the mathematical framework as discussed by Smith and Missen (8) . To discuss the calculation of the equilibrium composition of such a system, it is necessary to use the relation between the stoichiometric number matrix v and the conservation matrix A. These matrices are related by
In making equilibrium calculations on biochemical reactions, the pH and concentrations of free metal ions that complex with the reactants are usually chosen as independent variables, and an apparent equilibrium constant K' is defined in terms of total concentrations of the reactants (1) . For example, for the hydrolysis ofadenosine triphosphate to adenosine diphosphate and inorganic phosphate, ATP + H20 = ADP + Pi, [1] the apparent equilibrium constant K' is defined by K' = [ADP] [Pi]/[ATP]c0, [2] where ATP, ADP, and Pi represent the total molar concentrations of the various species of these reactants, and co = 1 mol L-1. The dependence of the apparent equilibrium constant K' on pH and the concentrations of free metal ions can be calculated if the acid dissociation constants and complex ion dissociation constants are known for all of the species involved in the range of conditions considered (2) (3) (4) (5) [31 where A is M x S, v is S x R, and 0 is M x R. The number of independent conservation relations is represented by M, the number of species is represented by S, and the number of independent reactions is represented by R. Eq. 3 can also be written vTAT =0, [4] where T indicates the transpose. According to this equation, the null space of vT is AT. Eq. 4 is important here because it provides the relation between the stoichiometric numbers of a set ofindependent reactions between the species and the set of conservation equations that must be satisfied (conservation of elements, groups, and electric charge). For small systems, the null space AT can be calculated by hand, but for larger systems, a computer is required. As a consequence of Eqs. 3 and 4, R = rank v,
[51 [6] and S = R + C, [7] where C is the number of components. like most programs of this type, requires three kinds of information: (i) a vector calculated from the standard Gibbs energies of formation of the species present at the temperature and ionic strength of the system; (ii) a conservation matrix that gives the atomic composition, or group composition, of each species in the system and provides for electroneutrality; and (iii) the initial composition vector that gives the initial amounts of species. The program produces a vector of the equilibrium mole numbers of the species. Since this program (and similar programs) requires the standard Gibbs energies of formation of the S species and since only the reaction Gibbs energies for the R reactions are available, the first problem is to calculate S standard Gibbs energies of formation.
Calculation of a Set of Standard Gibbs Energies of Formation and Standard Enthalpies of Formation for the Species in a Biochemical System
The system considered here is ATP hydrolysis at 25TC and an ionic strength of 0.2 molUL-1 with the various weak acid species and magnesium complexes that are important in the pH range 3-10 and pMg range above 2. The list of species is OH-, HPO2-, H2ATP2-, HATP3-, ATP4-, HADP2-
MgADP1-, Mg2+, H+, H20, H2PO41, and H2ADP1 . The thermodynamic data on this system is contained in the standard reaction Gibbs energies and their temperature dependencies for the 12 independent reactions that are involved. These reactions are represented by the transform of the stoichiometric number matrix v that is given in Table 1 . The first reaction is ATP4-+ H20 = ADP3-+ HpO2 + HW. [8] The other rows in the matrix are the ionization of water, the dissociations of five weak acids, and the dissociations offive complex ions. It is important that the reactions in the vmatrix be independent. A set of reactions is independent if no reaction in the set can be obtained by adding and subtracting other reactions in the set. The independence of reactions in a set can be checked by performing a Gaussian reduction on the v or PJ matrix. If one or more zero rows are obtained, this number of reactions must be removed from the list to obtain a set of R independent reactions. Since it makes a difference which reactions are removed, the new P matrix should be tested again.
There are 12 equations for the 12 known standard reaction Gibbs energies in terms of the 17 unknown standard Gibbs energies of formation of the species involved. This is an underdetermined set of equations with an infinite number of solutions. The method for determining a solution is well Table 1 The first row is for the reaction ATP"-+ H20 = ADP3-+ HPOJ-+ HW.
known and is described in Noble and Daniel (9) Table  2 for a consistent set of AfCG' values. The values depend on which species are selected as reference species; this cannot be done arbitrarily because they must represent all of the elements, but the choice is not unique. They are to be used only within the set, but the set can be extended indefinitely.
The same procedure can be used to obtain a set of 17 standard enthalpies of formation from the 12 simultaneous equations for the standard reaction enthalpies of the 12 reactions. The column matrix H of ArH' values for the 12 reactions is -19.66, 0, -7.03, 4.19, -5.73, 3.35, 55.84, -13.81, -7.95, -15.06, -8.37, and -12.13 (3). In fact the two sets of standard Gibbs energies of formation and standard enthalpies of formation might as well be obtained at the 
Calculation of the Conservation Matrix
The conservation matrix A (M x S) simply gives the coefficients for the S species in the M conservation equations for atoms and electric charge, but the rows must be independent. The independence of the rows can be checked with ROWRE-DUCE in MATHEMATICA. When this matrix is written with a row for each element and an additional row for electric charge, these rows are not all independent for the present system. An independent set of rows is obtained by conserving adenosine, phosphorus, hydrogen, electric charge, and magnesium, but this choice is not unique. Hydrogen here does not refer to all hydrogen atoms in the molecules, but only to the hydrogen atoms explicitly shown in the formulas of the species. Cations or inert anions such as chloride do not have to be conserved, since they are not involved in the reactions. Table 3 gives the A matrix obtained when adenosine, phosphorus, hydrogen, charge, and magnesium are conserved. It is evident that the first row gives the coefficients in the conservation equation for adenosine in the system.
Alternatively, A can be calculated from v by using NULLSPACE in MATHEMATICA by use ofEq. 4 . The A matrices obtained in these two ways can be compared after Gaussian reduction to see whether they are equivalent. This is a useful check. The composition of the initial solution in terms of species can be calculated by using an A matrix that does not contain the species of adenosine diphosphate. This is the composition before the addition of the enzyme, and it can be used to calculate the enthalpy of the initial solution, even when the initial solution contains inorganic phosphate. The equilibrium composition N in terms of amounts of species is calculated by typing N +-EQUCALC NO.
[9]
The vector NO gives the amounts of species added to make a liter of solution; it is the same for both the initial solution and the final solution, except that NO is not as long for the initial solution because the ADP species are omitted. 
